ABSTRACT Microgrid comprises of several distributed generations (DGs), which are typically integrated through power electronic inverters. The existence of low inertial devices combined with the dynamic nature of the load challenges the stability of a microgrid and the effectiveness of the controller, mainly when operated in islanded mode. It is essential to optimize the parameters of the controller to enhance its efficacy under various operating conditions. In this paper, parameter optimization of universal droop and internal model control (IMC) is proposed based on an accurate small-signal model for an inverter dominated microgrid. In order to achieve robust control performance under different load conditions, a fourstep approach is proposed: 1) an accurate small-signal model of a parallel multi-inverter system is prepared, which operates with the universal droop and internal model controller. The developed small-signal model is more accurate because it considers the dynamics of filter and phase-locked loop; 2) an investigation of critical control parameters of universal droop and internal model controller influencing the system stability is carried out, and their corresponding stability domain is identified through eigenvalue analysis; 3) particle swarm optimization (PSO) is used to optimize the critical parameters; and 4) the obtained result is validated under different load disturbances. Following the above approach, the time domain simulation is performed, which establishes that the proposed scheme improves the dynamic response of the DGs, counteracts the disturbances effectively and simultaneously improves the power-sharing. The proposed model is also compared with the well-established conventional PI-based droop controller, which demonstrates the efficacy of the proposed scheme.
I. INTRODUCTION
The concept of a microgrid is rising to be a promising alternative approach with the increasing penetration of renewable energy resources for clustering DGs, storage and loads. Typically, microgrids operating in grid-connected mode feed real and reactive power into the grid. The most appealing benefit of microgrid concept is its ability to function in an islanded mode and offering an uninterrupted electric supply regardless of intended or natural events [1] , [2] . However, MGs comprise of low inertia devices compared to the traditional utility grid with large synchronous generators. This will make
The associate editor coordinating the review of this manuscript and approving it for publication was Canbing Li. microgrids more susceptible to variations and disturbances in system parameters. Therefore, the stability and control are essential factors to assure reliable and stable operation of a microgrid.
Small signal stability(SSS) investigations invariably play a crucial role in the design of power systems. Eigenvalues and sensitivity analysis are generally used to depict the SSS of power-systems systematically. The advantage of these techniques highly relies on the accuracy of the mathematical model, which are used to describe the installed components. These investigations have already been used to assess the stability of an islanded droop controlled inverter-based MGs [3] . The establishment of modeling and analysis of three-phase inverter-based DGs (IDGs) to study SSS was first presented in [4] . The study captures the inverter modes and their location with respect to the frequency spectrum. It is demonstrated that the droop coefficients associated with a power controller lie in a low-frequency region, which is generally classified as a dominant region. Particle swarm optimization technique for tuning droop controller IDGs was utilized in [5] , [6] to improve the dynamic response and to enhance robustness. However, the small-signal analysis was only considered for a current controller in [5] to study the impact of PI control gains and in [6] , optimization was applied directly to tune the control parameters without performing small-signal analysis. This will affect the computation efficiency due to lack of searching constraints. In [7] , the shortcomings of [5] , [6] was addressed, and the complete microgrid was optimized after finding out the stability domain of significant parameters utilizing the small-signal model. The trade-off between accurate power-sharing and stability margins coexists in droop control IDGs. In order to improve stability margins, an improved droop controller was proposed in [8] . The choice of droop coefficients has a significant impact on SSS margins [9] . If low droop coefficients are used, then the power-sharing accuracy is highly influenced by the network parameters. On the contrary, if high droop coefficients are used, then the stability margins will be decreased, and also some sources might produce high output power, which exceeds the current limit. Consequently, it might lead to a cascading effect and total shut down of the system. Therefore, the choice of droop coefficients plays a significant role among droop based sources for improving the dynamic response of power-sharing during transient and steady states. This can be accomplished through sensitivity analysis [4] , [7] - [12] . SSS analysis of IDGs with different loads was investigated in [13] - [16] . As per the aforementioned literature, small-signal analysis was carried out with PI-based voltage and current controller [4] , [7] - [9] , [12] - [16] for decoupling direct (d) and quadrature (q) axis. Although this approach is popular and widely used, the dq-axis are not fully decoupled since the step change on one axis yields transients on the other. To overcome this and to produce a good dynamic performance, the internal model control (IMC) approach was introduced and designed in microgrids considering single DG unit in [17] .
Recently, small-signal analysis with IMC-based voltage and current regulator design for multi IDGs is implemented in [18] . The stability analysis exemplified that IMC has improved the dynamic response remarkably when compared to PI-controller. However, the model considered was not accurate as it does not include the filter dynamics and PLL (phase-locked loop) to investigate frequency dynamics under load disturbances. In [19] , the dynamics of PLL and filter are considered to investigate the stability under load disturbance. However, the oscillatory modes of the microgrid are damped by increasing the value of the damping resistor. Practically, this increases the losses in the system and analysis was presented with PI-controller. This work leaves scope for improvement in transient behavior of the system. Moreover, small-signal analysis for autonomous microgrid was carried out with conventional droop [4] - [19] technique for parallel operated inverters. This technique is widely used to enhance reliability. However, it has certain limitations such as variation of voltage and frequency due to sudden load changes, improper load sharing when there is a mismatch in line impedances between inverters. Several improvements of conventional droop have been reported vastly in the literature to overcome the limitations. The two main conditions for accurate power-sharing among parallel inverters are: (i) to have the same per-unit impedances and (ii) to generate the same voltage set points by droop controller. In practice, it is not possible to fulfill these requirements with conventional droop. Robust droop control, which has been reported in [20] overcomes the limitations of conventional droop controller. The universal droop [21] , which takes the form of robust droop [20] , works for parallel inverters with different types of output impedances when impedance angle lying between −90 o to +90 o . In [22] , the authors have pioneered the accuracy of the small-signal model for IDGs considering universal droop controller. However, the impact of control design parameters on SSS is not analyzed to identify its stability domain. This identification is substantial in designing a controller to ensure proper coordination and to enhance robustness under disturbances.
In this paper, the above discussed issues have been addressed. The major contributions of this work can be summarized as follows: (i) The mathematical analysis of internal model control is developed for the voltage controller considering filter dynamics. Based on these mathematical equations, the expression for control parameters are obtained in terms of system parameters. (ii) Following the developed mathematical model, the parameters influencing the system stability are identified by using small-signal analysis. (iii) The PSO technique is used to obtain the optimal values of the identified parameters, which are influencing the system stability. (iv) A simulation study is performed based on mathematical modeling using optimally tuned parameters, and it is found that the proposed scheme produces effective coordination to handle disturbance in the system. (v) Finally, the proposed scheme is compared with the conventional PI-based droop controller, and the results are found to be improved with the proposed scheme.
The rest of the paper is organized as follows: Mathematical modeling of the microgrid system is presented in section II. Eigenanalysis is carried out in section III to identify the critical values of vital parameters, and PSO is used to optimize the control parameters. Simulation results are given in section IV for validation of the proposed scheme under load perturbations, followed by a conclusion in section V.
II. MICROGRID SYSTEM MODELLING
The islanded MG considered for the study is represented in Fig. 1 . The word DG or inverter is used to denote IDG in this paper. Each DG unit has its own local static load, and they are interconnected to each other through transmission lines, VOLUME 7, 2019 FIGURE 1. Micorgrid architecture. Z 1 and Z 2 . The control strategy of the DG unit is presented in Fig. 2 and it is similar for other DGs as well. The primary and secondary blocks in an IDG are designed with a power controller which includes universal droop and IMC-based controller, respectively. Each block is mathematically modeled and linearized to form a state-space along with filter dynamics and phase-locked loop (PLL). Also, these sections deal with the mathematical modeling of network and load dynamics.
A. POWER CONTROLLER
The power controller, which includes a universal droop block diagram, is represented in Fig. 2 . In this controller, the instantaneous powers (real (p), reactive (q)) are determined using the measured output voltages and currents from the inverter. Further, a low pass filter is used to eliminate the higher-order harmonics from the measuredp andq.
The power-sharing (real and reactive) among DGs depends on droop characteristics utilized for load sharing. The strategy employed for droop control exhibits different characteristics depending upon line impedance. Generally, it is challenging to connect inverters in parallel, when their output impedance varies. To overcome this, a robust or universal-droop is utilized in this paper [20] , [21] . The mathematical equations for universal droop control are as follows:
where, K e , V * , n p , ω n and m q indicates gain, nominal voltage, real power droop coefficient, nominal frequency and reactive power droop coefficient, respectively. From (3), the controller output voltage during steady-state is
From (5), the ratio n p P K e V * implies voltage drop and this can be kept within a preferred range by selecting a suitable value for gain, K e . The gain is selected to be exactly the same for all IDGs in order to achieve proper power-sharing.
B. OVERVIEW OF INTERNAL MODEL CONTROL
In this section, the modified IMC structure represented in Fig. 3 is utilized to derive the voltage controller for inverter-based DGs. G pl (s),G pl (s) and Q(s) represent an actual physical model of the process, internal model of the process and the controller, respectively. The benefit of the IMC structure is that it uses both feed-forward and feedback control loops. The output of the system can be predicted by sending manipulated control signal, U (s) intoG pl (s) using feed-forward loop; whereas, a feedback loop is used to change the set-point to compensate the effects of disturbance and model-mismatch. The output Y (s) can be defined as [17] :
From (6), it can be inferred that for a perfect tracking control, G pl (s) =G pl (s) and whereas for disturbance rejection,
pl (s). Nevertheless, these conditions are difficult to meet in practice. This is due to the fact that the approximation of the plant model is considered and moreover, it may contain non-invertible components (such as right half-plane zeroes or time-delay in the process). Consequently, the internal model of the processG pl (s) can be factorised into:
whereG − pl (s) andG + pl (s) denotes invertible and non-invertible components, respectively. The IMC-controller can be described as [17] :
In (8), F(s) indicates a low-pass filter, which is employed to enhance robustness towards model mismatch. λ and n denotes tuning parameter and order of the filter. The feedback controller transfer function G c (s), which is represented inside the dotted line in Fig. 3 is given by
1) PROPOSED IMC BASED VOLTAGE CONTROLLER INCLUDING FILTER DYNAMICS
The model of an islanded DG unit shown in Fig. 2 is used in this section to derive an IMC based voltage control parameters, including filter dynamics. The Kirchoff's current law (KCL) is applied to derive the output current of inverter, and by using abc-dq transformation, the final expression can be obtained as follows: 
The time delay of the model can be represented as first-order system [18] ; the transfer function G pl (s) can be written as:
where T c denotes time constant of the controller. It is observed that G pl (s) contains right-half plane zeroes and comprises of both invertible and noninvertible components.
By substituting (7) and (8) in (9), the transfer function of the feedback controller is
The order of F(s) is considered as 1. Finally, by substituting (13) and (14) in (15), the final expression of G c (s) obtained as: 
By comparing the real and imaginary terms of (16) with standard PID controller transfer function, the control parameters can be obtained as follows:
The reference frequency and output voltage of universal droop are utilized as a set-point for voltage-controller, as illustrated in Fig. 2 . The load voltage (v oq ) and droop frequency (ω * ) are compared with the set-points, and the corresponding errors are sent through internal model control-based voltage controller. Typically, the output of the integrator is chosen as the state, which often renders their input as a derivative of the state. The algebraic and differential equations are as follows:
where, the terms K pd v and K pi v from Fig. 2 denotes PD and PI gains of internal model control-based voltage controller. These can be expressed as:
2) IMC-BASED CURRENT CONTROLLER
The design procedure for IMC-based current controller has been presented in [17] , and small-signal model for the same has been developed in [18] . From Fig. 2 , the outputs of the voltage controller acts as a set-points to the current controller, and they are compared with filtered currents (i ld , i lq ). The corresponding error is fed to the controller. γ d and γ q are considered as a state of current-controller. The algebraic and differential equations are as follows:
where, the terms K pid c and K pi c from Fig. 2 denotes PID and PI gains of an Internal model control-based current controller. They are indicated as
The PLL showed in Fig. 4 is considered and modeled to investigate the dynamics of system-frequency pertaining to load disturbances. The design of PLL is performed in dq-axis reference frame [19] . The voltage across the capacitor is measured, and the d-axis component of that voltage is provided as an input to the PLL. Therefore, the phase of the d-axis voltage will be locked such that v od = 0 and load voltage is assigned to q-axis (v oq ). The mathematical equations linked with PLL can be derived as follows:
The filter utilized for the DG unit is shown in Fig. 2 . The inductor parasitic resistances are represented by r f and r c . The capacitance internal resistance can be lumped into damping resistor, R d . The value of R d for LCL filter is found using [19] . The non-linear equations governing the filter dynamics are as follows:
The mathematical modeling of transmission line for microgrid architecture illustrated in Fig. 1 is presented in this section. Z 1 and Z 2 are the line impedances, which interconnects DGs and loads through buses. The power-sharing is investigated with unequal line impedances. The dynamic line equations in terms of dq-axis are as follows:
The static loads are considered with the combination of resistor and inductor (RL load). Fig. 1 depicts that each bus is connected with a static load, and a load perturbation is applied parallel to load '2' to investigate the system's dynamic behavior. The generalized equations describing the load dynamic are as follows (i = 1, 2, 3):
Since the system frequency is constant, the term ω pll appears in the line and load equations. The variables with subscript DQ denotes global reference frame. The arbitrary frame attached to DG1 is assumed as a reference frame for the complete system since there is no fixed grid in this study. Subsequently, the change in reference angles will reflect the small-signal matrices, while deriving a complete state-space model. The new phase angles of three DGs are represented in (36), where ω pll,1 , ω pll,2 and ω pll,3 are available from DG1, DG2 and DG3, respectively.
G. LINEARISED MODEL OF THE STUDY SYSTEM
Each DG unit has 15 states. The line and load consist of 4 and 6 states, respectively. A total of 45 states exists with three DGs. The states of DG (∀ i = 1, 2, 3), network and load are as follows:
The state-space model is formed by linearizing the nonlinear equations around steady-state operating conditions. The entire states associated with the system are given in (38), where u denotes inputs of the system.
The inputs of the system are as follows:
To predict the load perturbations accurately, the bus voltages terms should also be incorporated in the system matrix, A. This effectively converts the inputs described in (40) into states. To achieve this, a virtual resistor (R N ) is introduced with substantial value to have a negligible effect on system dynamics [7] . The mathematical equations which describe the bus voltages in terms of the DG, line and load currents VOLUME 7, 2019 FIGURE 5. Reference frame transformation.
can be expressed as follows:
It has been mentioned earlier that DG1 bus serves as a system's reference, so it is labeled as a global reference frame. It is essential to transform variables from local reference frame to a global reference frame since each DG has been modeled in its local reference frame. The transformation is illustrated graphically in Fig. 5 and given as follows
where δ indicates the phase angle difference between global and local reference frames, as shown in Fig. 5 . The transformation shown in (42) is linearized to integrate into plant matrix, A. The complete state-space form of the system is derived with a new state matrix, A Sys . The new system states are similar to those of states mentioned in (37).
III. EIGEN ANALYSIS AND OPTIMIZATION
The significant control parameters, which influence the system stability, are investigated in this section. The steady-state operating conditions can be acquired either through load flow analysis or time-domain-simulations performed in MAT-LAB/SIMULINK. However, the latter method is employed for the study system to obtain initial operating conditions, and they are listed out in Table 1 . The system parameters are mentioned in Table 2 . Based on a linearized model as described in section II, the state space equations are formed and eigenvalue spectrum for system matrix, A Sys is measured under operating conditions. The complete spectrum can be classified into different frequency modes, i.e., low, medium and high. It is a well-known fact that for an IDG, the control parameters which are associated with power-controller falls into the region of low-frequency mode, and are typically known as dominant mode [12] , [15] , [18] , [19] . Unlike conventional droop controller, a universal droop controller consists of three parameters (n p , m q , K e ) and consequently plays a crucial role in terms of power-sharing as well as system stability. Fig. 6 represents the locus of dominant eigenvalues with the variation of droop parameters. When real power droop coefficient n p is varied in the range of 1e − 6 ≤ n p ≤ 1e − 3, it is observed from Fig. 6 (a) that when n p is small, the complex eigenvalues lies close to the real axis, which affects system dynamic response leading to a steady-state error. When n p increases, the locus shifts towards the imaginary axis, improving the dynamic response and further close to the imaginary axis leads to instability. Fig. 6(b) represents the locus of eigenvalues when reactive power droop coefficient, m q is varied in the range of 1e − 5 ≤ m q ≤ 1e − 2. It clearly illustrates that m q has a minimal impact on dynamic response. However, increasing m q for a large value will lead the root locus to move towards an unstable region and subsequently yields oscillatory response. It is discussed in section II (A) that K e should be taken a large value for an accurate power-sharing. However, the dynamics of K e and n p depend on each other as per (5) due to which K e influences eigenvalues lying in the dominant region. It is found from Fig. 6 (c) that when K e varied in the range of 1 ≤ K e ≤ 90, the complex eigenvalues shifts slowly towards imaginary axis due to which damping ratio gets affected and leads to instability. The IMC-based voltage and current controller which consists of nine control parameters plays a vital role in maintaining voltage and frequency within acceptable limits. The value of closed loop time constants (λ v , λ c ) are initially estimated and then fine-tuned using MATLAB/SIMULINK. Subsequently, with λ v = 1e − 4 and λ c = 1e − 5, the value of control parameters are calculated (Table. 2). Sensitivity analysis has been carried out and it has been observed that out of nine control parameters, only four parameters i.e., k pv , k pv , k iv and k pc exhibit significant impact on system stability. Fig. 7 demonstrates the impact of control parameters and it is found that the state variables associated with these controllers (ϕ d , ϕ q , γ d , γ q ) lies in medium and high frequency region. Fig. 7(a), (b) and (c) shows the trace of eigenvalues with variation in k pv , k pv and k iv . Likewise, Fig. 7(d) shows the trace with variation in k pc . It is observed from eigenvalue analysis that the rest of the control parameters of IMC do not influence the system stability.
Finally, the stability domain of significant parameters are identified from critical values through eigenvalue analysis, and this will facilitate to improve computational efficiency when optimization scheme is employed. [1, 272] . The main objective of this optimization scheme is to obtain optimal control parameters and power-sharing coefficients in order to attain robust performance under varying operating conditions. In this work, particle swarm optimization is utilized, and the detailed discussion about this algorithm can be found in [6] . The purpose of droop control in the system is to share the active and reactive power in the desired ratio among parallel inverters. Consequently, active and reactive power sharing among DGs indicate system performance. However, the mismatch in line impedance leads to the error in reactive power share. So, the integral of deviation between measured and reference reactive power is to be minimized. Therefore, an objective function is proposed in terms of reactive power and can be expressed as:
where Q m and Q ref are measured and reference powers, respectively. The problem constraints are defined as follows:
The overall objective is to minimize the objective function (43) subjected to constraints given in (44). 
IV. VALIDATION OF PROPOSED APPROACH
The validation of system performance based on obtained optimal control values is carried out in this section under unequal line impedance and load disturbances. Fig. 1 is implemented in MATLAB/SIMULINK. The main objective of these optimal controllers is to yield good dynamic response under different operating conditions. The load sequence for the test system is represented in Table. 3. A large disturbance in the form of step load (27 kW, 2500 VAr) is applied during the interval of 1 to 2s and is connected in parallel to Load 2. Fig 9 depicts the real (P) and reactive (Q) power-sharing among the DGs with the proposed optimal scheme and conventional PI-based droop controller. From Fig. 9(a) , it can be observed that during 0 to 1s, the load demand has been mostly shared by the nearest DG. From 1 to 2s, DG2 shares maximum power since the disturbance is located closer to it. Consequently, the remaining power will be shared by DG1 and DG3. At 3s, load 2 is disconnected. As a result, DG3 shares maximum power when compared to DG1. However, DG2 takes part in sharing some demand for load 1 with DG1 due to line impedance (i.e., DG2 is closer to DG1). The entire power-sharing is realistic, and moreover, the dynamic response is superior in terms of the transient and steadystate. Fig. 9(c) shows the real power-sharing with conventional PI-based droop controller. It indicates that all DGs share equal power irrespective of unequal line impedance. However, the transient behavior (shown with the magnified part in Fig. 9(c) ) is effected with conventional controller during load disturbances. The time-domain specifications of the proposed and conventional scheme are listed out in Table. 4. The rise time (t r ), peak overshoot (M p ) and settling time (t s ) are evaluated at two different time instants (i.e., 0 to 1s and 1 to 2s) in order to examine the performance of optimal control values. During small disturbance (0 to 1s), the rise time of real power-sharing among DGs with the conventional scheme is faster than the proposed scheme. This is due to the fact that peak overshoot is greater for all DGs with conventional scheme. However, t s of both the schemes are almost equal when subjected to small disturbances. For a large disturbance i.e., during 1 to 2s, all three specifications (t r , M p , t s ) are much better with proposed scheme. Although the overshoot of DG1 with the proposed scheme is higher, the settling and rise times are better than the conventional scheme. Fig. 9(b) illustrates the reactive power-sharing with the proposed scheme. Because of small impedances, the reactive power is shared equally among DGs even under applied disturbances from 1 to 2s and 3 to 4s. DG2 has some overshoot and undershoot in reactive power sharing compared to other DGs because of the disturbances associated closer to it. Nevertheless, the sharing is realistic, and the transients damp out quickly with the optimal control values. It is to be noted that DGs supply more reactive power due to inductances associated with the system. Fig. 9(d) shows the reactive power response with a conventional controller. The reactive power-sharing is inappropriate and transient response is significantly effected when compared to Fig. 9(b) . This is one of the limitations of conventional droop controller when there is a mismatch in line impedance. The performance specifications of reactive power-sharing with conventional and proposed schemes are tabulated in Table. 4. It depicts that peak overshoot of DGs with proposed scheme during small and large disturbances are much superior to the conventional scheme. Moreover, it can be seen that the large overshoots with the conventional scheme have a significant effect on the settling time of DGs. Table. 4. The q-axis current transient response of DGs under small load disturbance with the proposed scheme has less peak overshoots when compared to a conventional scheme. Further, the peak overshoot under large load disturbance of q-axis currents of DG1 and DG3 with the proposed scheme has increased to 22.27 % and 17.64 %, respectively. DG2, which shares more real power, has less overshoot (0.30 %). However, the peak overshoot of DG2 with the conventional scheme is found to be 36.52 %. It can be seen that settling time is faster with the proposed scheme in both the cases (small and large load disturbances). Similarly, performance specification parameters of d-axis current response of DGs under different operating conditions with both the schemes can be seen in Table. 4. The proposed scheme demonstrates less overshoot and faster settling time of DGs. The load voltage of DGs with the proposed and conventional scheme is shown in Fig. 10 (c) . It can be observed that the load voltage is maintained well with both the methods. However, reactive power-sharing is inaccurate with the conventional controller in order to maintain load voltage within permissible limits. This can be improved by enhancing the voltage droop but at the cost of voltage quality. Fig. 10 (d) illustrates the d-axis voltage response which is designed as per the controller design (i.e, v od = 0). The response with the conventional controller, which is magnified in Fig. 10(d) has transients, whereas, with the proposed scheme, it perfectly aligns with zero without any transients.
The load voltage, which is assigned to q-axis as per voltage controller design, is shown in Fig. 11 . The transients on q-axis voltage with the proposed scheme (magnified parts of Fig. 11 ) have very less overshoot and undershoot when compared to the conventional controller. It is observed that the under and overshoots are 0.03 % and 0.016 %, respectively. However, with the conventional scheme, the under and overshoots are 0.6 % and 0.55 %, respectively. The optimal internal model control parameters obtained exhibits effective coordination due to which the voltage dip is very less, as shown in Fig. 11 . The system frequency under load perturbations is illustrated in Fig. 12 . It is observed that with the proposed scheme, the frequency is maintained around the rated value, i.e., 314.2 rad/s for all DGs. However, the system frequency dips with a conventional controller when it is subjected to large disturbances. Moreover, if the disturbance is increased further than the system frequency could not be maintained within permissible limits. Extensive results from Fig. 9 to Fig. 12 demonstrates the effectiveness of the proposed optimal control scheme. It displays better dynamic response in terms of transients and steady-state. The system frequency is also well maintained around the rated value with the proposed scheme. 
V. CONCLUSION
In this paper, a design strategy for a robust controller is presented based on the accurate small-signal model of multi inverter-fed DGs. The detailed small-signal model of IDGs is formulated based on universal droop strategy, IMC-based voltage and current controller, filter dynamics, PLL and also including network and load dynamics. SSS analysis is carried out, and the significant impact of control parameters on system stability are identified through eigenvalue analysis. It is observed that system SSS is highly sensitive to specific control parameters, and they play a crucial role in the reliable operation of the system. Those parameters are identified to be: n p , m q , K e of universal droop controller; k pv , k pv , k iv of voltage controller and k pc of current controller. The critical values of these parameters are determined, and the stability domain is formulated.
Parameter optimization is employed with the PSO technique to obtain optimal control values based on the stability domain of the sensitive parameters. These optimal control values are used to improve the dynamic response under different operating conditions. The obtained optimal control values provide effective coordination among the controllers by achieving two main objectives viz. (i) Ensuring smooth operation during load changes. (ii) Maintaining voltage and frequency within permissible limits. The effect of key parameters are validated through time-domain simulations performed in MATLAB/SIMULINK, and it is observed that it has a significant impact on improving the stability and dynamic response of the system. The results are compared with a conventional controller, and time-domain specification parameters are measured to quantitatively describe the improvement with the proposed optimal scheme. The system frequency under large load disturbances is still maintained around rated value with the proposed scheme. However, with the conventional scheme, the system frequency is slightly affected by large disturbance. Finally, the proposed optimal scheme based on accurate small-signal model substantially leads to superior performance in terms of transient and steady-state response. 
